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Abstract Processes in which a jet recoils against an
electroweak boson complement studies of jet quench-
ing in heavy ion collisions at the LHC. As the boson
does not interact strongly it escapes the dense medium
unmodified and thus provides a more direct access to
the hard scattering kinematics than can be obtained in
di-jet events. First measurements of jet modification in
these processes are now available from the LHC experi-
ments and will improve greatly with better statistics in
the future. We present an extension of Jewel to boson-
jet processes. Jewel is a dynamical framework for jet
evolution in a dense background based on perturbative
QCD, that is in agreement with a large variety of jet
observables. We also obtain a good description of the
CMS and ATLAS data for γ+jet and Z+jet processes
at 2.76 TeV and 5.02 TeV.
Keywords Quark Gluon Plasma · Jet quenching ·
Vector bosons · Transverse momentum imbalance
1 Introduction
During Run I of the LHC, the modifications of jets
due to re-scattering in the dense medium created in
heavy ion collisions have been studied mostly in single-
inclusive jet observables and di-jet events. They are
dominated by pure QCD production processes, which
have by far the largest cross sections. However, in these
events it is practically impossible to determine the hard
scattering kinematics, as all jets undergo quenching in
the medium. This is different in V+jet processes, where
a hard jet recoils against an electroweak gauge boson.
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The bosons – and in the cases of Z and W production
the leptonic decay products – do not interact strongly
and thus escape unmodified from the medium. This has
been confirmed by measurements of inclusive vector bo-
son production in Pb+Pb collisions at the LHC [1,2,3,
4,5,6], which show that the observed rates are consis-
tent with binary scaling and nuclear PDFs. The boson
thus allows us to experimentally access the hard scat-
tering kinematics. However, due to QCD corrections,
in particular initial state radiation, the boson’s and
the parton’s transverse momentum do not match ex-
actly and the p⊥ ratio fluctuates considerably from one
event to another (cf. Fig. 2). Nevertheless, since the ini-
tial parton p⊥ is known on average, boson-jet processes
provide valuable information that is complementary to
pure QCD processes. First measurements [7,8,9,10,11]
are still limited by statistics, but this will improve in
future LHC running. There have also been attempts to
study γ-hadron correlations at RHIC [12,13], but these
are much more sensitive to poorly constrained hadroni-
sation effects as opposed to jets.
The theoretical description of jet quenching in boson-
jet events is the same as in pure jet events, in some
approaches boson-jet [14,15,16,17,18,19,20,21] or γ-
hadron [22,23,24] observables have been discussed specif-
ically. Jet quenching calculations still struggle to de-
scribe all jet quenching observables at the same time.
Boson+jet processes provide an important test for the
predictions of jet quenching frameworks, that have al-
ready been constrained on other jet quenching data.
We here present an extension of Jewel to boson-
jet processes1. After a summary of the new features, we
1The code is available at http://jewel.hepforge.org.
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2compare Jewel to boson-jet data from LHC Run I and
II.
2 Simulating V+jet processes with JEWEL
Jewel is a fully dynamical perturbative framework for
jet quenching. It describes the simultaneous scale evolu-
tion of hard partons giving rise to jets and re-scattering
in the medium. The former is implemented in the form
of a virtuality ordered parton shower. All partons in
the shower in addition to the jet evolution, undergo
re-scattering in the background. These interactions are
described by 2→ 2 perturbative QCD matrix elements
supplemented with parton showers and can thus be elas-
tic or inelastic, where the two types of interactions oc-
cur with the (leading log) correct relative rates. This
is the standard way of treating scattering processes in
perturbative QCD and has a known and controlled for-
mal accuracy (LO+LL in this implementation). How-
ever, its use in the context of re-scattering in a QGP in
the Jewel framework goes beyond factorisation theo-
rems and relies on a few assumptions, namely that (i)
the re-scattering resolves the partonic structure of the
QGP (which is certainly true for sufficiently hard inter-
actions), (ii) an infra-red continuation can be invoked
to regularise the pQCD matrix elements and include
the dominant effect of soft scattering, (iii) the interplay
of different sources of radiation is governed by the for-
mation times and (iv) the physical picture of the LPM
interference obtained in eikonal kinematics is also valid
in the non-eikonal regime. For a full discussion of the
Jewel framework and its implementation the reader is
referred to [25], here only the most important features
will be summarised.
The emissions due to the scale evolution of the jet
get dynamically interleaved with radiation associated to
re-scatterings in such a way that re-scattering can only
induce radiation if its formation time is shorter than
the lifetime of the hard parton. This implies that only
a hard re-scattering can perturb hard parton shower
emissions related to the initial jet production process,
so that the hard jet structure is protected from medium
modifications. This principle shares important features
with colour coherence (cf. e.g. [26]), but is not a dynam-
ical implementation of colour coherence. It is missing,
for instance, soft and large angle emissions from coher-
ent sub-systems.
In Jewel the medium is fully dynamical and recoils
in jet-medium interactions, thus giving rise to elastic
energy loss (which also occurs in inelastic re-scatterings).
The knowledge about the energy-momentum transferred
from the jet to the medium can be used for detailed
studies of the medium response to jets [27]. Jewel has
the option to retain recoiling medium partons in the
event, but this requires special analysis techniques [28].
For inclusive jet observables like the jet p⊥ this leads
to only small corrections, but certain jet-substructure
observables are sensitive to the medium response. The
observables discussed in this publication require only
the jet p⊥ and axis and are thus calculated without
medium response.
All scattering processes within the formation time
of a medium-induced emission act coherently, which
means that only the vectorial sum of the momentum
transfers matters for the gluon emission. This is the
QCD analogue of the Landau-Pomerantchuk-Migdal ef-
fect, which is also implemented according to a general-
isation of the algorithm derived in [29].
For jet evolution in vacuum Jewel reduces to a
standard virtuality ordered final state parton shower.
Initial state parton showers, hard jet production matrix
elements, hadronisation and hadron decays are gener-
ated by Pythia 6.4 [30]. The strong coupling αs runs
at one loop evaluated according to the standard pertur-
bative scale choices. ΛQCD is adjusted to fit LEP data
and is the same throughout the simulation.
In the extended version we have included the low-
est order processes with a jet recoiling against a vec-
tor boson. The corresponding diagrams are shown in
Fig. 1. These correspond to either a quark scattering
off a gluon (Compton scattering) or a quark–anti-quark
pair annihilating to produce a boson and a gluon. For
photons, the box diagram gg → γg is also included.
This process is of higher order than the others, but is
included as it can be numerically important in certain
phase space regions. The leptonic decays of the heavy
boson Z and W are simulated as well.
Fig. 1 Feynman diagrams for V+jet processes included in
Jewel
Hard photons can also be radiated off quarks dur-
ing jet evolution. These fragmentation photons are typ-
ically accompanied by hadronic activity and are sup-
3pressed by requiring the photon to be isolated. However,
it is still possible that fragmentation photons pass the
isolation criterion. The probability for this to happen is
small and depends on the cuts. It has to the best of our
knowledge not been quantified in a heavy ion environ-
ment in the presence of jet quenching. In the current
Jewel version fragmentation photons are also not in-
cluded. For the analyses shown here the fragmentation
component is expected to be small due to the applied
photon isolation.
Jewel is a leading-order framework. While NLO
corrections to V+jet processes can be sizable, in the
observables shown here corrections affecting only the
cross section largely cancel due to the normalisation to
number of bosons or number of boson-jet pairs. The
corrections to differential distributions remain, but are
typically smaller.
2.1 The new parameters and Switches
We have expanded the parameter set listed in [31] as
follows (default values are given in parentheses).
PROCESS (‘PPJJ’): process that is to be simulated by
matrix element, available options are
‘EEJJ’: di-jet production in e++e− collisions
‘PPJJ’: di-jet production in hadronic collisions
‘PPYJ’: all γ+jet processes
‘PPYQ’: only γ+quark production
‘PPYG’: only γ+gluon production
‘PPZJ’: all Z+jet processes
‘PPZQ’: only Z+quark production
‘PPZG’: only Z+gluon production
‘PPWJ’: all W±+jet processes
‘PPWQ’: only W±+quark production
‘PPWG’: only W±+gluon production
CHANNEL (‘MUON’): decay channel for the heavy W
and Z bosons, available are ‘ELEC’ and ‘MUON’ for
the decay to electrons/positrons and muons, respec-
tively
ISOCHANNEL (’XX’): isospin channel for the hard ma-
trix element, can be ’PP’, ’PN’, ’NP’ or ’NN’ to
select the proton-proton, proton-neutron, neutron-
proton or neutron-neutron channel, respectively. For
all other values all four channels will be simulated
with the correct relative weights.
NPROTON (82): number of protons in the nucleus
3 Comparisons to data
We generate events in the standard setup [31] at
√
sNN =
2.76 TeV and
√
sNN = 5.02 TeV with the simple parametri-
sation of the background discussed in detail in [32]. This
background model describes a thermal quark-gluon gas
undergoing Bjorken expansion with a superimposed trans-
verse profile obtained from an optical Glauber model.
The initial conditions for the background model are ini-
tial time τi = 0.6 fm and temperature Ti = 485 MeV
for
√
sNN = 2.76 TeV [33] and τi = 0.4 fm and Ti =
590 MeV for
√
sNN = 5.02 TeV [34]. They are taken
from a hydrodynamic calculation describing soft parti-
cle production. The proton PDF set is Cteq6LL [35]
and for the Pb+Pb sample the Eps09 [36] nuclear PDF
set is used in addition, both are provided by Lhapdf [37].
The only parameter in Jewel that can be fitted to jet
quenching data is the scaling factor of the Debye mass.
It was adjusted once to describe the single-inclusive
hadron suppression at RHIC and has remained the same
since.
We use the Rivet analysis framework [38] for all
our studies. Jets are reconstructed using the same jet
algorithm as the experiments (anti-k⊥ [39]) from the
FastJet package [40].
3.1 γ+jet
As discussed in Section 2, the background from frag-
mentation and decay photons has to be suppressed.
Therefore the photon is demanded to be isolated by
requiring the sum of energy in a cone of radius 0.4 (in
the η − φ phase space where η is the pseudorapidity
and φ is the azimuthal angle in the plane transverse to
the beam axis) around the photon to be less than 7 %
of the photon’s energy. In addition, the photon has to
be within |ηγ | < 1.44 and have a transverse momentum
pγ⊥ > 40 GeV. The jets are reconstructed with the anti-
k⊥ algorithm with a resolution parameter of R = 0.3.
Jets are required to have a pJ⊥ > 30 GeV/c and to be
in the barrel region (|ηJ | < 1.6). Furthermore, only jets
that are back-to-back with the photon (∆φJγ > 7pi/8)
are selected.
Fig. 2 shows our results for the transverse momen-
tum asymmetry in γ+jet pairs (xJγ = p
J
⊥/p
γ
⊥) com-
pared with preliminary CMS [10] data points for p+p
and central (0 − 30%) Pb+Pb collisions at √sNN =
2.76 TeV. Fig 3 shows the average value of the xJγ as
a function of the photon transverse momenta in four
p⊥ bins, again for p+p and central Pb+Pb collisions.
Jewel+Pythia is able to reproduce the effect of the
p⊥ imbalance for γ+jets events very nicely for both p+p
and Pb+Pb events. In central Pb+Pb collisions 〈xJγ〉
is slightly lower in Jewel+Pythia than in the data in-
dicating stronger medium modifications in Jewel, par-
ticularly at relatively low photon p⊥. In Fig. 4 the az-
imuthal angle (∆φJγ) between the photon and the jet is
shown. We again find a very reasonable agreement with
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Fig. 2 Momentum imbalance xJγ = pJ⊥/p
γ
⊥ in γ+jet events for photon transverse momentum 80 GeV < p
γ
⊥ < 120 GeV com-
pared to preliminary CMS data [10] in p+p (left) and central Pb+Pb events (right) at
√
sNN = 2.76 TeV. The Jewel+Pythia
prediction for
√
sNN = 5.02 TeV is also shown. The CMS data are not unfolded for jet energy resolution, therefore the jet p⊥
was smeared in the Monte Carlo sample using the parametrisation from [7]. The data points have been read off the plots and
error bars correspond to statistical errors only. The yellow band in the ratio plot indicates the errors on the data points.
Jewel+Pythia for pp collisions slightly more peaked.
In all three figures we also show the Jewel+Pythia
predictions for
√
sNN = 5.02 TeV, which turn out to
be very similar to the
√
sNN = 2.76 TeV results. The
agreement with the ATLAS measurement [8] is of a
very similar quality.
3.2 Z/W+jet
In the case of Z and W production we utilise the muon
decay channel in our simulations (this is purely conve-
nience, the electron channel can be simulated as well).
The Z candidate’s momentum is reconstructed from the
di-muon pairs. For comparison to the ATLAS measure-
ment we require its reconstructed mass in the window
66 GeV < MZ < 102 GeV and p
Z
⊥ > 60 GeV. The jets
are reconstructed with the same anti-k⊥ algorithm with
resolution parameter R = 0.4, with the kinematic cut
on its pJ⊥ > 25 GeV and it is required to be found in the
barrel region |ηJ | < 2.1. Similar to the γ+jet case, we
impose ∆φJZ > pi/2 to select the back to back pairs.
Fig. 5 shows the ATLAS [9] preliminary result for the
p⊥ imbalance compared to Jewel+Pythia for central
(0-20%) Pb+Pb collisions at
√
sNN = 2.76 TeV. For
comparison we also show the Jewel+Pythia result
for p+p. In central Pb+Pb events we observe a clear
shift of the distribution towards smaller xJZ compared
to p+p and a reasonable agreement between the MC
and data.
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Fig. 5 Momentum imbalance xJZ in Z+jet events compared
to preliminary ATLAS data [9] in central Pb+Pb events at√
sNN = 2.76 TeV. The data points have been read off the
plots and error bars correspond to statistical errors only. The
yellow band in the ratio plot indicates the errors on the data
points.
In the CMS analysis jets are reconstructed with the
anti-k⊥ algorithm with resolution parameter R = 0.3
and the cuts are 70 GeV < MZ < 110 GeV and p
Z
⊥ >
40 GeV, pJ⊥ > 30 GeV, |ηJ | < 1.6 and ∆φJZ > 7pi/8.
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Fig. 3 Average value of the xJγ shown as a function of the photon’s transverse momentum compared to preliminary CMS
data [10] in p+p (left) and central Pb+Pb events (right) at
√
sNN = 2.76 TeV. The Jewel+Pythia prediction for
√
sNN =
5.02 TeV is also shown. The CMS data are not unfolded for jet energy resolution, therefore the jet p⊥ was smeared in the
Monte Carlo sample using the parametrisation from [7]. The data points have been read off the plots and error bars correspond
to statistical errors only. The yellow band in the ratio plot indicates the errors on the data points.
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Fig. 4 Azimuthal angle ∆φJγ between the photon and the jet for photon transverse momentum 80 GeV < p
γ
⊥ < 120 GeV com-
pared to preliminary CMS data [10] in p+p (left) and central Pb+Pb events (right) at
√
sNN = 2.76 TeV. The Jewel+Pythia
prediction for
√
sNN = 5.02 TeV is also shown. The CMS data are not unfolded for jet energy resolution, therefore the jet p⊥
was smeared in the Monte Carlo sample using the parametrisation from [7]. The data points have been read off the plots and
error bars correspond to statistical errors only. The yellow band in the ratio plot indicates the errors on the data points.
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Fig. 6 Azimuthal angle ∆φJZ between the Z and the jet (left) and momentum imbalance xJZ (right) in Z+jet events compared
to preliminary CMS data [11] in central Pb+Pb events at
√
sNN = 5.02 TeV. The CMS data are not unfolded for jet energy
resolution, therefore the jet p⊥ was smeared in the Monte Carlo sample using the parametrisation from [7]. The data points
have been read off the plots and error bars correspond to statistical errors only. The yellow band in the ratio plot indicates
the errors on the data points.
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Fig. 7 Average value of the xJZ shown as a function of the Z transverse momentum compared to preliminary CMS data [11] in
p+p (left) and central Pb+Pb events (right) at
√
sNN = 5.02 TeV. The p+p sample has been smeared to match the resolution
of the central Pb+Pb sample in data and Jewel+Pythia. The CMS data are not unfolded for jet energy resolution, therefore
the jet p⊥ was smeared in the Monte Carlo sample using the parametrisation from [7]. The data points have been read off the
plots and error bars correspond to statistical errors only. The yellow band in the ratio plot indicates the errors on the data
points.
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Fig. 8 Nuclear modification factor of the jet in Z+jet (blue)
and γ+jet (red) events in central Pb+Pb events at
√
sNN =
2.76 TeV.
Fig. 6 shows the latest CMS Z+jet [11] preliminary re-
sults for the azimuthal angle, ∆φJZ between the jet and
the Z and the momentum imbalance xJZ at
√
sNN =
5.02 TeV for central events (0−30%). Jewel+Pythia
nicely reproduces the xJZ distribution, but once more
the pairs are slightly more back-to-back than in data.
It is also informative to look at the nuclear modifi-
cation factors (IAA) of jets in events recoiling against a
γ or a Z. Due to the large mass of the Z boson, the jet
spectrum is harder than for jets recoiling off a γ. This
influences the IAA for Z+jets to be less suppressed at
the low p⊥ range as shown in Fig. 8.
Reconstructing a W boson candidate in the heavy
ion environment is difficult due to the ambiguous nature
of the missing transverse energy (MET) in the event.
Due to in-medium energy loss, the MET in such events
does not accurately represent the neutrino, required to
reconstruct the W . We therefore investigate the pos-
sibility of using the charged decay lepton instead of a
reconstructed W . In both cases we require the lepton
to have a high pµ⊥ > 60 GeV and |ηµ| < 2.5, for re-
constructed W ’s the mass window is 60 GeV < MW <
100 GeV. Jets are reconstructed with R = 0.4 and kine-
matic cuts pJ⊥ > 25 GeV and |ηJ | < 2.1. We also impost
a ∆RJµ > 0.6 to ensure no overlap between our recon-
structed jet and lepton collections.
The left panel of Fig. 9 shows the ∆φ distributions
in central (0−20%) Pb+Pb events for the reconstructed
jets with the generator levelW± in the red line and with
the leading lepton (µ) in the event in the blue dotted
line. We see that the ∆φ distribution are similar for
the W± and leading lepton and therefore we show the
transverse momentum imbalance with the leptons. This
is shown in the right panel of Fig. 9 for p+p and central
Pb+Pb collisions. Again, there is a clear shift towards
larger asymmetries in central Pb+Pb events.
4 Conclusions
We present an extension of Jewel with the additional
capability of simulating V+jet events. This required
only a slight modification of the framework to include
the hard matrix elements for V+jet production. The jet
quenching framework is independent of the underlying
process (di-jet or V+jet), so that calculations for V+jet
processes are performed without adjustments or tuning
of parameters (the parameters of the background are
obtained from a hydrodynamic calculation). This class
of processes therefore constitutes an independent test
of the predictivity of the Jewel framework.
Upon comparing with LHC Run I and Run II data
we find generally good agreement for γ/Z+jet observ-
ables. This includes the shape, normalisation and bo-
son p⊥ dependence of the momentum imbalance, which
shifts towards larger asymmetries in Pb+Pb events com-
pared to p+p, and the ∆φ distributions. The Jewel
results fall below the data in the ∆φ distributions for
small angular separations in p+p and Pb+Pb. The same
behaviour is observed in the angular distribution of di-
jets [31]. This region is particularly sensitive to higher
order corrections and it is thus likely that the discrep-
ancy is caused by missing higher order matrix elements
and a proper treatment of fragmentation photons in
Jewel. The tendency to undershoot the region of very
large xJV is probably also related to this. Nevertheless,
the overall agreement between data and the jewel re-
sults is satisfactory and of similar quality as for other
jet quenching observables, which showcases confidence
in the jet quenching framework implemented in Jewel
and its usability for performing predictions of jet ob-
servables and for comparisons with data.
The theoretical understanding of jet quenching is
not yet such that it can be used for reliable determina-
tion of medium parameters, but the successfull descrip-
tion of V+jet data by Jewel and other frameworks [14,
15,17,18,19,20] already tested against single-inclusive
jet and di-jet data is a step towards a quantitative un-
derstanding of jet quenching.
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